Androgens stimulate many hair follicles to alter hair colour and size via the hair growth cycle; in androgenetic alopecia tiny, pale hairs gradually replace large, pigmented ones. Since stem cell factor (SCF) is important in embryonic melanocyte migration and maintaining adult rodent pigmentation, we investigated SCF/c-Kit signalling in human hair follicles to determine whether this was altered in androgenetic alopecia. Quantitative immunohistochemistry detected three melanocyte-lineage markers and c-Kit in four focus areas: the epidermis, infundibulum, hair bulb (where pigment is formed) and mid-follicle outer root sheath (ORS). Colocalisation confirmed melanocyte c-Kit expression; cultured follicular melanocytes also exhibited c-Kit. Few ORS cells expressed differentiated melanocyte markers or c-Kit, but NKI/beteb antibody, which also recognises early melanocyte-lineage antigens, identified fourfold more cells, confirmed by colocalisation. Occasional similar bulbar cells were seen. Melanocyte distribution, concentration and c-Kit expression were unaltered in balding follicles. Androgenetic alopecia cultured dermal papilla cells secreted less SCF, measured by ELISA, than normal cells. This identifies three types of melanocytelineage cells in human follicles. The c-Kit expression by dendritic, pigmenting, bulbar melanocytes and rounded, differentiated, non-pigmenting ORS melanocytes implicate SCF in maintaining pigmentation and migration into regenerating hair bulbs. Less differentiated, c-Kit-independent cells in the mid-follicle ORS stem cell niche and occasionally in the bulb, presumably a local reserve for long scalp hair growth, implicate other factors in activating stem cells. Androgens appear to reduce alopecia hair colour by inhibiting dermal papilla SCF production, impeding bulbar melanocyte pigmentation. These results may facilitate new treatments for hair colour changes in hirsutism, alopecia or greying.
Introduction
Hair colour is often very important and may need to alter to allow appropriate changes, e.g. signalling of sexual maturity ( Jansen & van Baalen 2006) or seasonal camouflage (Flux 1970) . In men, highly pigmented beard hair replaces the almost colourless, tiny vellus hairs on the child's face after puberty (Marshall & Tanner 1970) , while the older, mature male is frequently distinguished by the reverse process on the scalp causing androgenetic alopecia or male pattern baldness. Androgens are the main regulator of human hair follicles (reviewed in Randall (2007) ) causing the changes signalling adulthood and, paradoxically, also androgenetic alopecia (Hamilton 1951 (Hamilton , 1958 . Darker lion manes also correlate with higher testosterone levels (West & Packer 2002) and testosterone increases pigmentation in Mallard feathers (Haase et al. 1995) and deer hair (Bubenik & Bubenik 1985) .
Hair follicles can change the size and colour of the hairs they produce via their unique ability to regenerate themselves during the regular cycles of growth (anagen), regression (catagen) and rest (telogen) during which the hair is shed and replaced (Kligman 1959) . The new hair may be identical in colour to the previous one, as frequently occurs on normal human scalp, or very different like the Scottish hare's brown summer coat (Flux 1970) . Hair colour depends on the amount and type of pigment present in the hair shaft, including the balance of brown/black eumelanin and red/yellow phaeomelanin. Melanocytes located in the epithelial cell matrix of the anagen hair bulb, around the top of the dermal papilla, synthesise melanins in specialised organelles, melanosomes, exporting them to adjacent keratinocytes in the bulb (Chase 1958; reviewed in Castanet & Ortonne (2000) , Slominski et al. 2004 , Lin & Fisher 2007 . Unlike the epidermis, the follicular melanin synthesis is cyclical, closely coupled to the anagen hair manufacture (Burnett et al. 1969 , Commo & Bernard 2000 , Slominski et al. 2004 , Sharov et al. 2005 .
Although hormones are known to coordinate with seasonal and age/sex-related changes in the hair follicles (Randall 2007) , our understanding of how follicle pigmentation is controlled is limited. Androgens are believed to act on follicles predominantly via the mesenchyme-derived dermal papilla, situated within the hair bulb at the follicle base (Randall 2007) ; this regulates many aspects of follicular activity and determines the hair type produced (Reynolds & Jahoda 2004 , Waters et al. 2007 ). In the current mechanism, androgens alter dermal papilla production of regulatory paracrine factors, e.g. growth factors and/or extracellular matrix components, which influence the follicular target cells (Randall et al. 1991 , Randall 1994 , 2007 . Follicular melanocytes would be the targets in hair colour alterations.
Local factors can influence not only epidermal melanocytes, particularly the melanocortins and adrenocorticotrophic hormone (ACTH), but also b-endorphin, endothelin, prostaglandins and catecholamines etc (reviewed in Slominski et al. (2004) , Lin & Fisher 2007) . Such factors regulating follicular melanocytes are not so well established, although pro-opiomelanocortin, ACTH and a-melanocyte-stimulating hormone (a-MSH) seem to have local roles, particularly in balancing eumelanin and phaeomelanin proportions (reviewed in Slominski et al. (2004) , Tobin & Kauser 2005 , Costin & Hearing 2007 , Rousseau et al. 2007 ). In addition, the cytokine, stem cell factor (also called SCF, mast cell growth factor, steel factor or c-Kit ligand) and its cell surface receptor, c-Kit, play important roles in both epidermal and hair pigmentation (Williams et al. 1992) . Both are essential to enable melanocyte-lineage cell migration from the neural crest into developing murine hair follicles (Zsebo et al. 1990 , Geissler et al. 1988 , Jordan & Jackson 2000 and people with the white forelock of piebaldism exhibit mutations in the c-Kit gene (Fleischman et al. 1991 , Spritz et al. 1992 . The SCF/ c-Kit system is also involved in post-natal rodent hair cycles; c-Kit antibodies inhibit murine hair pigmentation (Nishikawa et al. 1991) , promote apoptosis of follicular melanocytes (Okura et al. 1995) and prevent regeneration of the follicle bulb pigment units in the next anagen (Botchkareva et al. 2001) . Similarly, overexpression of epidermal SCF causes epidermal hyperpigmentation in mice and atypical melanocyte distribution (Kunisada et al. 1998a,b) . Since melanocytes synthesising follicle pigment are physically close to the dermal papilla in the bulb, we hypothesised that it was a local source of SCF; this is supported by secretion of SCF by cultured dermal papilla cells , Lu et al. 2006 .
Most research focuses on laboratory rodent follicles, but these have significant differences to human follicles: no colour changes after puberty, no major responses to androgens, much smaller size, anagen involving weeks not the years of scalp growth and no epidermal melanocytes. We aimed to further investigate SCF/c-Kit signalling in normal human anagen hair follicles and to compare it in androgenetic alopecia to see if the androgen-promoted reduced pigmentation in balding involved changes in the SCF/c-Kit system. Two approaches were employed: follicular melanocyte-lineage cell distribution and expression of the SCF receptor, c-Kit were compared in normal and androgenetic alopecia hair follicles using immunohistochemistry, and the ability of cultured dermal papilla cells derived from normal and balding scalp to produce SCF measured. Initially, the expression of antigens associated with stages of melanocyte-lineage cell development and c-Kit were compared in frozen sections to determine whether this varied with follicular location or with the follicle's response to androgens in vivo, focusing particularly on the site of pigment synthesis, the hair bulb, the melanocyte stem cell niche in the mid-follicle outer root sheath (ORS), i.e. the lower part of the permanent follicle, ORS, below the sebaceous ductl (Staricco 1959 , Sugiyama & Kukita 1976 , Horikawa et al. 1996 , Narisawa et al. 1997 , Commo & Bernard 2000 , Botchkareva et al. 2001 , Nishimura et al. 2002 , Steingrimsson et al. 2005 , the infundibulum and epidermis. Three antibodies to melanocyte-lineage cells were used to discriminate between differentiation stages; NKI/ beteb recognises all melanocyte-lineage cells including very immature ones, as it binds 7 and 100 kDa antigens in premelanosome-like structures, premelanosomes and melanosomes (Hayashibe et al. 1986 ), while HMB-45 and Mel-2 only recognise mature melanocytes binding to 10 kDa melanosome-associated and cell surface protein antigens respectively (Kapur et al. 1992 ); Mel-2 was selected for direct comparison with c-Kit, a membrane receptor. Antibodies to tyrosinase-related protein (TRP)-2 used to locate immature melanocytes in rodents (Botchkareva et al. 2001) were not employed, as these did not stain human follicular melanocytes here or elsewhere (Commo et al. 2004a ). The number of cells stained with each antibody in every region was quantified in each individual studied; using two antibodies to different mature melanocyte antigens on parallel sections of each sample provided an internal control to check quantitation reliability. To confirm, the human follicle melanocyte expression of c-Kit colocalisation studies of c-Kit and melanocyte-lineage antigens and immunocytochemistry of primary lines of cultured epidermal and follicular melanocytes were also carried out. Finally, primary lines of dermal papilla cells were derived from normal scalp follicles and intermediate androgenetic alopecia follicles and their SCF production measured by ELISA after culture in the presence, and absence, of testosterone. This enabled the comparison of any in vivo or in vitro effects of androgens. Since hair colour normally remains unchanged within a cycle even over the years required for long hair, in vitro effects were not anticipated.
Materials and Methods

Skin samples
Scalp skin by-products of routine surgical procedures were collected from apparently healthy Caucasian adults. This included: five women and three men, aged 38-52 for the main immunohistochemical study and one man and four women aged 34-48 for melanocyte culture. Non-balding (occipital) scalp of 12 men, some with male pattern baldness, aged 38-59, were used for the colocalisation immunohistological studies and for non-balding dermal papilla cell culture. Balding vertex scalp samples were obtained from 13 men with androgenetic alopecia aged 24-46 years for immunohistochemical analysis and dermal papilla cell culture. Foreskin samples were obtained similarly from four males aged 2-12 years. Declaration of Helsinki protocols were followed and appropriate patient consent and local Ethical Committee approval obtained. There was no evidence of hair thinning or loss of pigmentation in the non-balding samples, but balding skin contained much smaller hair follicles producing finer, less pigmented hairs. Skin samples were collected in sterile culture medium or PBS and transported to the laboratory at 4 8C taking up to 6 h for normal skin, and up to 24 h for androgenetic alopecia samples, before embedding in OCT and freezing at K80 8C or processing for cell culture.
Immunohistochemistry
Vertical frozen sections (5-8 mm thick) were cut using a Leica cryostat (CM 1800) and collected on poly-L-lysine-coated slides to increase adherence (Marzia et al. 1975) . Special care was needed during sectioning to orientate the specimen to obtain longitudinal sections of hair follicles. Poly-L-lysine (BDH Chemicals Ltd, Poole, Dorset, UK) diluted 1:10 with double distilled water was applied to very clean, dry slides previously soaked in methanol. After 5 min, the excess was removed and the slides were left to air dry. Sections were fixed in acetone at 4 8C for 10 min and air dried for 3-24 h. All staining took place in a moistened chamber at room temperature.
Endogenous peroxidase activity was blocked by adding five drops of 3% hydrogen peroxide:methanol (1:4) solution for 20 min. After rinsing with PBS, followed by immersion in further PBS for 10 min, non-specific binding sites were blocked by incubation with mouse serum (1:100) (Dako, Buckinghamshire, UK) for 20 min, followed by 1-h incubation with various primary mouse anti-human monoclonal antibodies. After investigating various dilutions and incubation times, antibodies were used at the following dilutions: NKI/beteb 1:10 (Monosan, Uden, The Netherlands), HMB-45 1:10 (Dako), Mel-2 1:20 (Serotec, Kidlington, Oxford, UK) and c-Kit 1:10 (Serotec). Positive controls of parallel incubations of foreskin sections and two negative controls of scalp skin with either PBS or an antibody (1:20) to Aspergillus niger glucose oxidase, a protein absent from mammalian tissues (Dako), were carried out with each series. After washing with PBS for 10 min (also repeated after each of the next stages), sections were incubated with a secondary antibody, biotinylated anti-rabbit and anti-mouse immunoglobulins, (Dako) for 20 min. Excess liquid was removed after washing by blotting carefully with tissue and four to six drops of horseradish peroxidase-streptavidin complex (Dako) per section were incubated for 20 min. Similar amounts of chromagen 3-amino-5-ethylcarbazole (AEC; Dako) followed the next wash for about 20 min; red colour appearance was monitored microscopically. Final rinsing with PBS was followed by mounting using an aqueous mountant, Glycergel (Dako).
Analysis of quantitative results
All sections were examined on a Leitz Ortolux light microscope using wide field Periplan NG/GF eyepieces and the number of stained cells per field were counted in a 0 . 45 mm field under 400! magnification; care was taken to check that actual cells were counted by altering the focal depth. The numbers of positive cells for each region were quantified from at least 5, and up to 15, sections for each antibody for each of the eight nonbalding and eight balding individuals. These were averaged for each individual and then the meanGS.E.M. obtained for each antibody in each region. Initially, the normal and balding results were analysed separately and data were checked using the SPSS statistical package to determine if a Gaussian normal distribution would enable the use of parametric statistical analysis. Since there were three different factors, i.e. the donor, the site and the antibody, which could affect the numbers of stained cells, three-way ANOVA was carried out by testing donor against site and antibody. Since there was no effect of donor, the results from each site and each antibody were analysed by two-way ANOVA. Further, two-way ANOVAs were carried out to determine whether there were any differences for any antibodies at any site between normal and balding skin.
Colocalisation studies
Dual staining experiments were carried out using two primary antibodies and blue and red chromagens. Sections were incubated with 3% BSA for 30 min followed by an avidin-biotin blocking kit (Vector Laboratories, Peterborough, UK) involving 15 min avidin, 1 min PBS and 15 min biotin to block non-specific staining. The same antibodies were used, as previously described, except that Mel-2 was replaced by Mel-5 that recognises a 75 kDa glycoprotein (Bhawan 1997 ; Signet Laboratories, Dedham, MA, USA; 02026). The first primary antibody was incubated for 60 min, followed by the biotinylated secondary antibody, horse antimouse IgG for 30 min and the 0 . 2 ml ABC-AP complex (Vector Laboratories) for 30 min with four drops of substrate Vector blue (Vector Laboratories); sections were washed carefully with PBS between steps. The second primary antibody was applied and all steps were repeated, but using vector red (Vector laboratories) as the second substrate.
Antigen expression by cultured melanocytes
Epidermal and hair follicular melanocytes were isolated from scalp skin using the method established by Tobin et al. (1995) . Briefly, after 1 h in Eagle's minimum essential medium (EMEM; Gibco) containing penicillin (100 IU/ml) and streptomycin (100 mg/ml; both Sigma Chemical Co.) to reduce infection risk, the epidermis and w1 mm of the upper dermis were removed, cut into 1 cm 3 pieces and incubated in medium supplemented with 0 . 5% collagenase type V (Sigma) and 5% fetal bovine serum (FBS; Globepharm, Surrey, UK) SCF/c-Kit signalling in hair follicles . V A RANDALL and others 13 for 1-2 h at 37 8C to separate the epidermis. Hair follicles were washed in PBS until microscopic examination confirmed removal of contaminating dermal tissue and then tissues were incubated with 0 . 05% trypsin with 0 . 53 mM EDTA (Sigma) for 5-10 min at 37 8C to produce single cell suspensions. The cells were cultured in 35 mm tissue culture dishes (Scientific Laboratory Supplies, Nottingham, UK) in the EMEM as described above, supplemented with 10% FBS, 0 . 2 mg/ml cholera toxin (Sigma), 50 nM 12-o-tetradecanoyl phorbol-13-acetate (TCS Biologicals, Buckinghamshire, UK) and keratinocyte serum-free medium (KSFM; TCS Biologicals; EMEM: KSFM, 2:1). Any contaminating fibroblasts were removed with geneticin treatment (TCS Biologicals; Halaban & Alfano 1984) and keratinocytes by differential trypsinisation (Eisinger & Marko 1982) . Melanocyte cultures at passage 2 were maintained in medium without phorbol esters or cholera toxin for 48 h prior to immunocytochemistry. The cells (1!10 3 ) were seeded onto sterile 12-well tissue-culture treated 5 mm slides with removable lids for immunocytochemistry and incubated at 37 8C overnight. The cells were fixed and stained as described for frozen sections above.
Comparison of SCF production by normal and balding dermal papilla cells
Culture of dermal papilla cells Skin samples were transported in E199 medium (Sigma) and transferred to fresh medium on arrival. Primary cultures of dermal papilla cells were established from small pieces of full depth scalp skin by the methods established for non-balding and balding dermal papilla cells described previously (Messenger 1984 . Balding dermal papillae were isolated from the small intermediate follicles from large samples of balding scalp, rather than the tiny vellus follicles, because these are actually undergoing changes in response to androgens and also because of the extreme technical difficulties of isolating dermal papillae from miniature vellus follicles. Briefly, skin samples were microdissected in 100 mm sterile Petri dishes containing E199 medium, supplemented with glutamine (2 mmol/ml), penicillin (100 IU/ml), streptomycin (100 mg/ml) and amphotericin B (2 . 5 mg/ml); all supplements supplied by Gibco. Under a Wild dissecting microscope (Leitz), each follicle was removed separately and individually microdissected to isolate the dermal papilla; each individual papilla was then transferred to a 35 mm tissue culture-treated Petri dish (Bibby Sterilin, Stone, Staffordshire, UK) in the same medium supplemented with 20% serum. Depending on the sample size, three to eight dermal papillae were placed in one dish.
Primary cultures were left untouched in a humidified incubator at 37 8C in 95% air: 5% CO 2 for 2 weeks to establish. They were then examined under phase contrast microscopy and the medium was changed weekly until sufficient cells had grown from the papillae (about 4-5 weeks), for subculture into a 25 cm 2 tissue culture-treated flask (Bibby Sterilin) in the complete medium to establish primary cell lines; this was termed passage 1. Thereafter, the cells were further subcultured into 25 cm 2 flasks with a split ratio of 1:3 when almost confluent, generally after about 2 weeks. The cells were stored frozen in liquid nitrogen if not required immediately for experimental purposes.
Preparation of conditioned medium Primary cell lines of non-balding scalp (nZ6) and balding scalp (nZ5) dermal papilla cells at passage 4 were grown to confluence in 25 cm 2 flasks in E199 medium supplemented with 10% FCS. Each flask was washed with PBS (5 ml; !4) to remove any remnants of serum and parallel flasks of each cell line were supplied with 5 ml serum-free medium containing 10 nM testosterone in 0 . 001% ethanol or the ethanol vehicle alone.
After 15 min, this 'conditioned' medium was removed from each cell line to determine whether there was any SCF in the system initially. This was replaced with further serum-free medium (5 ml) with, or without, 10 nM testosterone for 24 h. The medium was centrifuged at 1000 g to pellet cell debris, sterile filtered (0 . 2 mm) and stored at K20 8C.
Measurement of SCF The concentration of SCF was measured in serum-free medium and the various dermal papilla cell conditioned media using a sandwich ELISA kit, designed for cell culture medium and based on a monoclonal antibody capable of detecting natural human and recombinant SCF (R&D Systems Europe, Abingdon, UK). A 10-point standard curve ranging from 0 to 100 pg/ml SCF in serum-free medium was measured in every assay. All points were assayed in duplicate according to the manufacturer's instructions. The absorbance of each well was measured at 450 nM with wavelength correction set at 540 nM on an ELISA plate reader zeroed against the assay buffer. The minimum detectable level of SCF was 3 pg/ml with a sensitivity of 3 pg/ml; no significant cross-reactivity or interference between other cytokines has been detected. The SCF content was expressed as pg per ml/mg of the medium protein content measured by the Bradford assay (Bradford 1976) . Statistical analyses of the differences between SCF concentrations in the media were performed using the non-paired, one-tailed Student's t-test after confirmation of normal distribution.
Results
Immunohistochemical localisation of melanocyte antigens in scalp skin samples
Large amounts of readily visible brown pigment were seen in the hair cortex and in the epithelial matrix of the hair bulb above, and around, the upper portions of the dermal papilla of normal scalp follicles. In contrast, pigment was not obvious in the scalp epidermis. In balding samples less pigment was generally visible in the hair bulb and hair, but some was sometimes seen in the epidermis. Sectioning androgenetic alopecia follicles was even more difficult than normal ones due to their small size. Using a red chromagen enabled visualisation of staining amongst the melanin pigment in the hair bulb. All sections stained with the negative control antibody showed no positive staining, but appropriate positive intermittent, red, cellular staining was seen in the melanocytes of the basal layer of the epidermis in the foreskin sections with each antibody, confirming the specificity of the staining. All staining in scalp sections using single antibodies also showed red, intermittent, cellular staining. All results were normally distributed and the ANOVA tests showed that there was no discontinuity, i.e. variation within the donors at any site or with any antibody.
Non-balding scalp skin NKI/beteb, an antibody that recognises melanocyte-lineage cells including very early development stages, stained cells in the basal layer of the epidermis (epidermis 10 . 80G0 . 30;
meanGS.E.M.; Fig. 1 ), but not in the upper layers. This pattern continued into the outer layer of the ORS of the follicle infundibulum ( Fig. 2a) where the mean number of cells present per field was slightly, but insignificantly, higher (14 . 00G0 . 50, Fig. 1 ). Although there was some similar staining in the outer layer of the ORS of the mid-follicle, i.e. below the junction point of the sebaceous gland (Fig. 2b) , the number of cells detected was much lower (4 . 00G0 . 10) than in the epidermis (P!0 . 05), infundibulum (P!0 . 05) and hair bulb (P!0 . 001; Fig. 1 ). In the hair bulb, staining was predominantly seen in the matrix above, and around, the upper portion of the dermal papilla amongst the pigment (Fig. 2c) . Staining was also observed on the outer edges of the matrix, mainly below the base of the dermal papilla, but no visible pigment was associated with these cells. More cells were detected in the hair bulb (11 . 00G1:10) than in the epidermis (P!0 . 001), but similar numbers were observed in the infundibulum (Fig. 1) . No staining was observed in other parts of the skin.
Antibodies to the more differentiated melanocyte markers, HMB-45 and Mel-2, produced a similar distribution to NKI/beteb throughout the skin being confined to the basal layers of the epidermis, the ORS and the hair bulb ( Fig. 2d-i) . Both stained very similar numbers of cells in all sites (Fig. 1) , detecting significantly fewer cells than NKI/beteb in all regions (HMB-45, Mel-2 epidermis P!0 . 01, 0 . 005; infundibulum P!0 . 01, 0 . 01; mid-follicle P!0 . 001, 0 . 001; hair bulb P!0 . 01, 0 . 01). The proportions of HMB-45 or Mel-2 to NKI/beteb were 1:1 . 4-2 . 2, except in the midfollicle ORS where this increased dramatically to 1:4 (P!0 . 001). Staining with the antibody to c-Kit was similarly distributed to the melanocyte-lineage antibodies (Fig. 2j-l) , but additional staining of individual cells, probably mast cells, was also observed in the dermis. Stained cell numbers were very similar to those detected by HMB-45 and Mel-2 and Although there were marked differences between the concentrations of cells in each area of the follicle, there were no differences in staining between normal and androgenetic alopecia individuals in any area, including the hair bulb, with any antibody. significantly lower than those by NKI/beteb (epidermis, 6 . 80G0 . 25, P!0 . 01; infundibulum, 9 . 50G0 . 50, P!0 . 01; mid-follicle, 1:00G0 . 7, P!0 . 001; hair bulb, 9 . 00G0 . 42, P!0 . 01; Fig. 1 ).
Colocalisation analysis of melanocyte-lineage cells in scalp skin
Dual labelling studies showed that cells in all areas exhibiting single antibody staining coexpressed HMB-45, Mel-5 and c-Kit with NKI/beteb. The cells staining only with NKI/beteb were also seen in limited numbers in the epidermis ( Fig. 2a and b) , infundibulum ( Fig. 2c ) and hair bulb ( Fig. 2e ), but were the majority amongst the fewer cells in the mid-follicle ORS (Fig. 2d) ; there was no evidence of staining with c-Kit antibody in many of these cells (Fig. 3A) . The antibody to c-Kit also marked cells in the dermis outside the follicle, which were not recognised by NKI/beteb, presumably mast cells (see 2c, d & e; Costa et al. 1996) .
Cultured melanocytes
Epidermal melanocyte cultures showed an increase in the number of differentiated dendritic cells that formed more pigment with time in culture. Parallel hair follicle melanocyte cultures contained two distinct populations: actively dividing bipolar, non-pigmenting melanocytes termed hair follicle melanocyte I or HFM-I by Tobin et al. (1995) and highly (g-i) Mel-2 (Mag.); (j-l) c-Kit. Positive staining is red and melanin pigment is brown. (a, d, g, j) show staining in the epidermis (E) and infundibulum (I) but not in the dermis (D); (b, e, h and k) in the outer root sheath of the permanent middle part of the follicle below the sebaceous gland, hair cortex (C); (c, f, i and l) show red cellular staining plus brown melanin in the matrix of the hair bulb (HM) above and around the dermal papilla (DP). Occasional staining can be seen at the bottom of the bulb away from the pigmented regions (e.g. f). Some staining in each figure is highlighted by arrow. CTS indicates connective tissue, or dermal, sheath. Scale bar represents 100 mm in c, e, f, h, i, k, l and 62 . 5 mm in a, b, d, g, j.
V A RANDALL and others . SCF/c-Kit signalling in hair follicles pigmented, differentiated cells that were lost by passage 3, HFM-II. Cultured epidermal and hair follicle melanocytes derived from the same individuals exhibited staining with antibodies for all three melanocyte-lineage antigens, plus c-Kit (Fig. 3B) ; no staining occurred with the negative control antibody with either cell type. Although staining in follicular melanocytes varied with some cells staining heavily and others to a lesser extent, there was no consistent difference between the two populations and bipolar melanocytes exhibited both patterns. 
Androgenetic alopecia scalp skin
The distribution and pattern of the staining of each antibody in the epidermis, infundibulum, hair follicle and hair bulb were the same in balding scalp skin samples as in non-balding scalp. Quantitation and statistical analysis confirmed the same significant differences in distribution between NKI/beteb and the other two melanocyte markers, HMB-45 and Mel-2 plus c-Kit as seen in normal scalp, in all sites examined (Fig. 1 ). There were no significant differences between the numbers of cells per unit area in balding or non-balding scalp (Fig. 1) , when the results were compared for each antibody in each region.
Reduction in SCF production by balding dermal papilla cells
Androgenetic alopecia dermal papillae were more difficult to isolate, due to the smaller size of the follicles, and to establish the cell cultures from normal scalp, as reported previously . The ELISA for SCF proved very reproducible with very little variation between duplicates or between different plates; serial dilution of pure SCF produced linear graphs when plotted against absorbance. Neither control serum-free medium nor media conditioned for 15 min by dermal papilla cells from either non-balding or balding scalp hair follicles contained detectable SCF. However, media conditioned for 24 h by all individual primary cell lines of scalp dermal papilla cells contained SCF (Fig. 4) . Dermal papilla cells derived from androgenetic alopecia scalp follicles secreted significantly less SCF (2 . 25G0 . 26 mg/mg protein) than those from non-balding scalp (3 . 09G0 . 38; P!0 . 05). Adding 10 nM testosterone in vitro had no effect on the amount produced by balding scalp cell lines at either time point (Fig. 4) .
Discussion
Expression of c-Kit by melanocyte-lineage cells in human hair follicles
The cells exhibiting three melanocyte-lineage antigens, plus c-Kit, the SCF receptor, were located by immunohistochemistry in four main areas of normal and androgenetic alopecia scalp: the epidermal basal layer; the follicle infundibulum; the mid-follicle ORS; and the hair bulb. These antigens were also expressed by cultured human epidermal and hair follicle melanocytes. This concurs with earlier studies of human epidermis (Grichknik et al. 1996 and rodent hair follicles (Okura et al. 1995 , Botchkareva et al. 2001 , and with NKI/beteb distribution in human follicles (Horikawa et al. 1996 , Commo & Bernard 2000 and cultured melanocytes (Tobin & Bystryn 1996 , Zhu et al. 2004 ).
There were slightly more stained cells in the infundibulum, than the epidermis (concurring with Grichnik et al. (1996) ), and the hair bulb (Fig. 1) . In the bulb, all antibodies stained cells amongst the matrix pigment around the upper dermal papilla (Fig. 2) , the classical follicle pigment unit (Slominski et al. 2004 ); occasional, more rounded cells at the matrix edges, mostly slightly lower than the dermal papilla base, also expressed all antigens (e.g. Figure 2f and i). In the mid-follicle ORS small, oval cells were detected in much lower concentrations than elsewhere (P!0 . 001; Figs 1-3A) . The strong correlation in cell numbers detected by HMB-45 and Mel-2 ( Fig. 1) and their staining of cultured melanocytes (Fig. 4) suggests that these antibodies recognised the same well-developed melanocytes (Adema et al. 1993 , Horikawa et al. 1996 , supporting the quantitation's validity. Interestingly, similar cell numbers also exhibited c-Kit in each area (Fig. 1) ; scalp epidermal melanocyte expression concurs with forearm and foreskin studies (Grichnik et al. 1996) . Melanocyte c-Kit expression was confirmed by staining in cultured epidermal and hair follicle melanocytes ( Fig. 3B ) and colocalisation with NKI/beteb (Fig. 3A) . Thus, differentiated melanocytes in all sites can respond to SCF.
In marked contrast, NKI/beteb detected significantly more cells in every region (Fig. 1) as previously reported in the human epidermis (Grichnik et al. 1996) and the ORS (Horikawa et al. 1996 , Commo et al. 2004b ). Since NKI/ beteb stains antigens in premelanosome-like structures as well as premelanosomes and melanosomes (Hayashibe et al. 1986) , it is presumably recognising very early melanocyte-lineage cells in addition to the more differentiated melanocytes detected by the other antibodies (Adema et al. 1993 , Horikawa et al. 1996 . The greater number of cells expressing NKI/beteb than c-Kit, (Fig. 1) , confirmed by colocalisation studies (Fig. 3A) , indicates small numbers of much less differentiated SCF/c-Kit independent melanocyte-lineage cells in each area. A small percentage of less differentiated stem cells would be predicted within any renewing tissue like the follicle or epidermis. Since epidermal repigmentation Figure 4 Dermal papilla cells from androgenetic alopecia follicles secrete less SCF in culture than those from non-balding scalp cells. The levels of SCF in serum-free medium conditioned for 24 h by non-balding (vertical shading) and balding scalp (horizontal shading) dermal papilla cells in the presence (darker shading), or absence (light shading), of 10 nM testosterone were measured by ELISA. An initial collection of 15-minute conditioned media contained no detectable SCF (data not shown). Results are the means of seven non-balding and five balding primary cell lines expressed as a percentage of the values for non-balding cells cultured in the absence of testosterone. V A RANDALL and others . SCF/c-Kit signalling in hair follicles spreads out from hair follicles in treated vitiligo (Ortonne et al. 1979 , Cui et al. 1991 or after dermabrasion (Staricco 1960 (Staricco , 1961 , undifferentiated infundibular cells could be moving from the mid-follicle or a local reserve of stem cells. In the hair bulb, the difference between NKI/beteb and other antigens' expression was greater (2 . 2:1) than in the infundibulum or epidermis (1 . 6:1) and some cells only expressed NKI/beteb during dual staining (Fig. 3e and f) . These could be a stem cell reservoir for the bulb, to enable melanin production to continue throughout the very long anagen of human scalp hair; less differentiated melanocytes were detected in the lower bulb rim after dermabrasion (Staricco 1960) . Since melanin synthesis produces damaging oxidative stress (Arck et al. 2006 ) replacement melanocytes may be necessary to maintain the pigment. Such less differentiated cells could also be the few melanocytes that persist after anagen, moving upwards in catagen to the telogen capsule and possibly populating the next anagen bulb (Commo & Bernard 2000 , Sharov et al. 2005 . The local signals that stimulate their maturation to pigment-producing melanocytes or migration would not involve SCF as they do not express c-Kit.
In human follicles, the mid-follicle ORS is believed to mirror the rodent follicle bulge as the stem cell niche for melanocyte-lineage cells (Staricco 1959 , Sugiyama & Kukita 1976 , Horikawa et al. 1996 , Narisawa et al. 1997 , Commo & Bernard 2000 , Botchkareva et al. 2001 , Nishimura et al. 2002 , Steingrimsson et al. 2005 . Follicular epithelial stem cells also reside in the bulge/permanent ORS (Costarelis et al. 1990 , Lyle et al. 1998 , Waters et al. 2007 ). Our mid-follicle ORS results confirm this stem cell niche as four times more cells were detected with NKI/beteb than the other markers, unlike the lower ratios elsewhere (Fig. 1) , confirmed by colocalisation studies. These results support earlier observations of amelanocytic melanocytes (Staricco 1959 , 1960 , 1961 , Staricco & Miller-Milinska 1962 and NKI/beteb expression (Horikawa et al. 1996 , Narisawa et al. 1997 , Commo & Bernard 2000 in human ORS; they indicate two types of melanocyte-lineage cells: immature cells expressing only NKI/beteb, often seen in groups, presumably stem cells; and small numbers of more differentiated cells expressing melanocyte and c-Kit antigens, probably the next stage of differentiation. This agrees with observations of melanin (Narisawa et al. 1997) and both rounded and dendritic cells (Commo & Bernard 2000) in the ORS. No c-Kit expression by most mid-follicle ORS melanocytes concurs with its absence from mice bulge melanocytes (Botchkareva et al. 2001 ) and the c-Kit-independence of mouse melanocyte stem cells (Nishimura et al. 2002) . The undifferentiated human ORS melanocytes seen here presumably give rise to transient amplifying cells that express c-Kit and migrate under SCF control as in the mouse (Nishimura et al. 2002) .
Melanin was normally only visible in the hairs and hair bulbs indicating that only matrix melanocytes were producing melanin. Occasional balding epidermis pigment was presumably stimulated by greater exposure to sunlight with reduced hair cover. These dramatic differences in pigment, despite similar concentrations of differentiated melanocytes in the bulb, epidermis and infundibulum, indicate major variations in melanin-producing activity, presumably due to regional differences in the local regulators. Epidermal pigmentation increases locally in response to u.v. light with greater local production of paracrine regulators, including SCF (Hachiya et al. 2001 , Slominski et al. 2004 . The SCF/ c-Kit pathway is definitely functional in adult epidermal pigmentation; SCF activates melanocytes in vivo (Grichnik et al. 1998 , Costa et al. 1996 and in xenografts (Grichnik et al. 1998 , Sriwiriyanont et al. 2006 , while c-Kit antibodies inhibit xenograft melanocytes. Since c-Kit antibodies prevent hair pigmentation in adult mice follicles (Botchkareva et al. 2001) , c-Kit expression by human follicular melanocytes strongly indicates a role for SCF/c-Kit signalling in human follicular pigmentation. Further support comes from reversible hair greying in cancer patients whose tyrosine kinase interfering chemotherapy (Moss et al. 2003 , Routhouska et al. 2006 presumably blocks post-receptor c-Kit signalling, as c-Kit is a tyrosine kinase receptor.
Androgenetic alopecia
There were no differences between normal and balding scalp in staining patterns or cell concentrations with any antibody in the hair bulb or elsewhere (Fig. 1) . Therefore, neither lower bulb melanocyte concentration nor c-Kit expression is responsible for reduced pigmentation during androgenetic alopecia miniaturisation. Although post-receptor signalling defects are possible, this would reduce melanocytes entering the bulb, like mouse anti-c-Kit antibody treatment (Botchkareva et al. 2001) . A decrease in the local regulators seems more likely. The dermal papilla is a strong candidate to supply local pigment regulators as it determines what hair type is produced (Reynolds & Jahoda 2004) , is the focus for the follicle pigment unit (Slominski et al. 2004 ) and the centre of androgen action (Randall 2007) . This would enable a mechanism for circulating hormones to alter hair colour in tandem with environmental or developmental changes by altering dermal papilla production of SCF and/or other regulators.
Cultured dermal papilla cells from intermediate androgenetic alopecia follicles secreted about two-thirds less SCF than non-balding cells (Fig. 4) . There is substantial evidence that cultured dermal papilla cell behaviour reflects that of the in vivo dermal papilla. Cultured human and rat dermal papilla cells induce new follicle formation when re-implanted in vivo (Reynolds & Jahoda 2004) and human cells derived from follicles with different androgen responses in vivo retain appropriate different characteristics in vitro (Randall et al. 2003) indicating androgen exposure in vivo established their gene expression. These include biologically relevant androgen receptor and 5a-reductase gene expression in androgen-responsive dermal papilla cells (Ando et al. 1999) . Cultured beard and androgenetic alopecia cells also exhibit SCF/c-Kit signalling in hair follicles . V A RANDALL and others 19 specific, high-affinity, low-capacity hormone binding, i.e. androgen receptors (Randall et al.1992 , Hibberts et al. 1998 . Particularly importantly, cultured dermal papilla cell capacity to metabolise testosterone to the more potent 5a-dihydrotestosterone reflects hair growth in 5a-reductase deficiency with beard, but not pubic, axillary nor non-balding scalp, cells forming 5a-dihydrotestosterone (Itami et al. 1990 , Thornton et al. 1993 . Additionally, only androgenresponsive cells alter their protein production in response to androgen with effects reflecting their androgen responses in vivo (Itami et al. 1995 , Obana et al. 1997 , Thornton et al. 1998 , Sonada et al. 1999 , Inui et al. 2002 , Hibino & Nishiyama 2004 . The reduced SCF production by balding dermal papilla cells (Fig. 4 ) parallels other differences between balding and non-balding scalp dermal papilla cells. Androgenetic alopecia cells contain higher levels of androgen receptors than non-balding cells (Hibberts et al. 1998) , secrete less growth-promoting factors, produce inhibitory factors that delay rodent hair growth in vivo (Hamada & Randall 2006) and respond appropriately to testosterone in vitro , Sonada et al. 1999 , Inui et al. 2002 , Hibino & Nishiyama 2004 .
In vitro testosterone had no effect on the SCF amounts secreted by balding cells. Although drawing inferences from absent in vitro responses are difficult as conditions may not fully recapitulate in vivo, androgenetic alopecia cells contain androgen receptors (Hibberts et al. 1998 ) and respond to androgens in vitro by decreasing their growth-stimulatory capacity and altering their production of TGF-b (Hibino & Nishiyama 2004 ) and protease nexin-1 (Sonada et al. 1999) indicating functional receptor-mediated responses. There was also no alteration in beard dermal papilla cell SCF production with testosterone , although testosterone in vitro increased beard cell production of mitogenic factors (Thornton et al. 1998 ) and IGF-1 (Itami et al. 1995) . Beard cells secreted much more SCF, about 250% of normal scalp, and more than 3 . 5! these balding cell levels; beard hairs are normally the darkest hairs. This suggests that androgens alter dermal papilla cell scf gene expression either prior to, or during, the early stages of anagen thereby setting that cycle's pigment level. This seems likely as hair colour is normally relatively constant along a hair, even during several years of growth. These changes in scf gene expression are alterable during future hair cycles; treatment with 5a-reductase inhibitors stimulates regrowth of large, pigmented terminal hairs (Kaufman et al. 1998 , Olsen et al. 2006 ) and antiandrogens reduce hair colour in hirsutism (Sawers et al. 1982) . However, antiandrogens do not alter the colour or size of hair in hirsutism quickly, unlike their effect on the sebaceous glands; follicles with long cycles such as the beard also take longer to respond than those with shorter cycles on the thigh (Sawers et al. 1982) . This supports the concept of androgens acting prior to, or at the beginning of the next anagen rather than affecting follicles during mid-anagen.
In summary, these experiments highlight three types of melanocyte in human scalp anagen hair follicles (Table 1) . First, the classic hair bulb melanocyte expressing all melanocyte markers and c-Kit and actively producing melanin, presumably in response to the dermal papilla's SCF. Secondly, melanocytes expressing these antigens, but not making melanin, apparently differentiated cells ready for signals to produce pigment or migrate; these were found in similar numbers in the infundibulum and epidermis, but far fewer in the bulb and mid-follicle ORS. Thirdly, less differentiated cells, only expressing NKI/beteb, probably forms of melanocyte stem cell, were present in small numbers in all areas and were the majority in mid-follicle ORS. During follicular melanocyte culture two types were observed here and elsewhere (Hu et al. 1957 , Tobin & Bystryn, 1996 , Na et al. 2006 , including less differentiated, bipolar forms with great dividing capacity. These SCF/c-Kitindependent cells in the mid-follicle ORS, the follicle stem cell niche, correspond to c-Kit-negative stem cells in mice (Nishimura et al. 2002 , Steingrimsson et al. 2005 . Similar undifferentiated cells in the bulb may be a reservoir to maintain pigmentation through long scalp anagens and/or melanocytes, which survive catagen and repopulate the next bulb (Commo & Bernard 2000 , Sharov et al. 2005 .
What signals activate the c-Kit-independent, immature cells in the bulb or ORS melanocyte stem cell niche is unknown; other melanocyte modulators such as endothelin 1 and 3, hepatocyte growth factor and basic fibroblast growth factor are possibilities (reviewed Lin & Fisher 2007) . Identifying these could facilitate development of useful Table 1 Summary of pigment formation and distribution of melanocyte-lineage cells in human scalp epidermis and hair follicles. Results of immunohistochemical analysis of human scalp skin with antibodies, NKI/beteb, which recognise all melanocyte-lineage cells, HMB-45 and Mel-2, which recognise differentiated melanocytes, and to c-Kit, the receptor for stem cell factor Presence is indicated by C, with more C indicating greater numbers of cells or pigment, C? indicates epidermal pigment in normal caucasian scalp is usually very limited.
V A RANDALL and others . SCF/c-Kit signalling in hair follicles clinical treatments; increasing hair pigmentation in androgenetic alopecia would increase hair visibility even without hair enlargement, and inhibition would reduce it in hirsutism. Such therapies may also reduce canites, age-related greying. There were no differences in distribution, expression pattern or cell concentration between normal and androgenetic alopecia follicles, but cultured dermal papilla cells from androgenetic alopecia follicles secreted less SCF. This suggests that the mechanism for reduced hair pigment in androgenetic alopecia involves androgens binding to androgen receptors in the dermal papilla, probably at the beginning of anagen, inhibiting SCF gene expression and synthesis by dermal papilla cells throughout anagen causing bulb melanocytes to produce less pigment. Although normal and androgenetic alopecia follicles contained the same concentration of melanocytes, the follicles were smaller and the total number of bulb melanocytes reduced. Since SCF is implicated in the movement of melanocyte-lineage cells into developing follicles and adult mouse bulbs (Jordan & Jackson 2000 , Botchkareva et al. 2001 , this would be expected if less SCF was produced by balding dermal papillae during hair bulb reformation in early anagen. Overall, these observations suggest that modifiers of SCF/c-Kit signalling, or the unidentified regulators of the c-Kit-negative melanocyte stem cells, could offer future routes to alter hair pigmentation for clinical effect in androgen-modulated hair disorders including hirsutism and androgenetic alopecia or cosmetically for greying.
